Abstract. The measurement performance of fiber-optical current transformers (FOCT) is affected by vibration interference. To solve this problem, the mathematical model of FOCT output signal is established, considering vibration effects on the Verdet constant and linear birefringence. The analysis shows that the greater the wavelength fluctuation and radial stress difference are, the larger operating error is. Using the finite element analysis method, the coupled solution of optical field and magnetic field verifies the vibration influence on the fiber output. Based on the theoretical analysis, some optimization methods are proposed including selecting an appropriate operating wavelength, using the optical fiber with better anti-interference performance and setting a reasonable installation environment.
Introduction
With the development of intelligence and automation in modern grid, the electromagnetic current transformer is difficult to meet the needs of high precision in monitoring and control [1] [2] [3] . Fiber optical current transformers (FOCT) have the advantages of fine dynamic characteristics, great safety performance and high linearity [4] [5] [6] , thus having broad application prospects in future smart substations. However, the fiber material is sensitive to vibration. The effects of various mechanical vibrations on FOCT cannot be ignored. Therefore, it is essential to study the vibration error characteristics and propose the optimization methods.
In this paper, based on the change of the Verdet constant and vibration linear birefringence, the signal model under the effect of vibration is built to analyze the change of the transformer accuracy. With the finite element analysis method, the vibration effect on output signal is verified. Finally, according to various factors on theoretical analysis, the optimization methods are proposed to resist the vibration interference.
Influence Mechanism of Vibration on FOCT
When FOCT in operation is disturbed by vibration, on the one hand, the vibration causes the operating wavelength fluctuation, leading to the change of the Verdet constant; on the other hand, the vibration stress difference induces the production of linear birefringence.
Influence of Vibration on the Verdet Constant
The Verdet constant of sensing fiber is inversely proportional to the square of the working wavelength [7] , which can be presented as:
where, λ is the average working wavelength (nm); C is constant and for the optical fiber material, C=1.7161×10 -18 rad·m 2 /A. It is assumed that the working wavelength of FOCT without vibration is λ 0 and the corresponding Verdet constant is V 0 . The wavelength change induced by vibration is ∆λ, thus the change of the Verdet constant is expressed as:
According to Eq.2, when ∆λ is not zero, the Verdet constant should change under vibration. In addition, ∆V λ is related to the working wavelength and Verdet constant before vibration.
Influence of Vibration on Fiber Linear Birefringence
The internal particles of vibrating objects will deviate from the equilibrium position. The motion spreads around the object, forming the stress wave. The stress wave caused by vibration acts on the optical fiber and changes its sensing performance. In the power system, the relative positions between mechanical devices and FOCT are uncertain. Therefore, the uneven distribution of the anisotropic stress in the sensing fiber leads to fiber linear birefringence, affecting the FOCT output signal.
It is assumed that the linearly polarized light propagates along the y axis. When vibration acts on the fiber, the tensions in two radial directions are respectively σ x and σ z , and the tension on the propagation direction is σ y . According to the equilibrium equation and Hooke's law, the fiber strain under vibration is obtained from:
where ν is Poisson Ratio, E is Young Modulus. For the quartz fiber, ν=0.17, and E=7×10
The unequal stress in two radial directions leads to the different strain and the unequal refractive index changes in the x and z axis [8] . The main refractive index difference induces the linear birefringence and the propagation phase delay:
The fiber linear birefringence of unit length caused by vibration is described as:
where p 11 and p 12 are elastic-optic tensors, p 12 =0.27, p 11 =0.121;∆σ xz =σ z -σ x The vibration linear birefringence is essentially caused by the uneven stress in two radial directions. When σ x =σ z , ρ V =0; however, there are vibration disturbances randomly distributed around the operating system environment, so in most cases, σ x ≠ σ z and ρ V ≠ 0. According to the fiber parameters, the vibration linear birefringence can be calculated by Eq.6: 
Analysis of Vibration Error Characteristics
The characteristic analysis is based on FOCT with polarization modulation structure. Based on Faraday effect and Ampere's law, when the measured current is i, the stable output signal of FOCT is derived as:
where N is the number of turns of optical fiber and V 0 is the Verdet constant of optical fiber under the normal working wavelength.
Based on the influence mechanism analysis and considering the wavelength change and linear birefringence, the mathematical model of FOCT output signal under vibration is expressed as:
where ∆λ is the wavelength change caused by vibration; l is the length of sensing fiber; ρ --V is the average vibration linear birefringence, and ∆σ -xz is the average radial stress difference, which should satisfy the equation: 
Vibration changes the actual output of FOCT and induces the measurement error. The operation error is quantified with the ratio error e, and e under vibration is described as:
The bending radius of fiber ring is 15cm, and the number of winding turns is 40. When the normal operating wavelength is 1310nm, the effects of wavelength change and radial stress difference on ratio error is shown in Fig.1 . It can be inferred from Fig.1 that the greater the wavelength change and radial stress difference induced by vibration are, the larger the ratio error of FOCT is. And the wavelength fluctuation influences the output accuracy more. Even when the average stress difference is zero and the wavelength change is 10nm, the ratio error will reach 1.527%. Therefore, the wavelength factor should be mainly considered when optimizing the output accuracy of FOCT.
Simulation Analysis Simulation Model
By using COMSOL finite element simulation software, the micro-element sensing model is built. Some parameters including wavelength change and stress difference are set and the coupling of multi-physics is solved. The three-dimensional model of sensing fiber is shown in Fig.2 . The largest cylinder is the air region, as the magnetic field simulation domain. The Bezier multi-segment line is used to simulate the current-carrying conductor and copper is selected as the conductor material.
The micro-arc with the bending radius of 1500µm and the central angle of 0.4°is selected as the sensing fiber model. And the diameter of fiber core is 0.5µm and its material is SiO 2 . In sensing fiber, the optical field is represented as electric field, and the governing equation of electric field is set as:
The relative dielectric constant of sensing fiber under the action of external magnetic field and vibration can be presented by [9] : 
where n is the spindle refractive index; ∆σ xz is the radial stress difference, and a is a coefficient depending on sensing fiber; ∆λ is the wavelength change; b and k are constants related to the Verdet constant under no vibration; H is the magnetic field intensity generated by the current.
Simulation Results
The current value is 2000A, and the optical field components under no vibration are shown in Fig.3 ; the variation ∆λ and ∆σ xz induced by vibration are 5nm and 500Pa respectively, and the optical field components under vibration are shown in Fig.4 . It can be observed in Fig.3 that when the transmission distance increases, the amplitude of E z decreases and the amplitude of E x increases .The optical polarization plane rotates under external magnetic field. The contrast between Fig.3 and Fig.4 shows that vibration leads to the difference in the refractive index and propagation constant between the x and z axis direction. Besides, the phase difference of optical field components Ex and Ez appears. The maximum of rotation angle decreases from 6.484°to 5.852°under the action of vibration, and thus the output accuracy decreases.
Optimization Methods to Reduce Vibration Error

Selecting an Appropriate Operating Wavelength
According to the accuracy analysis, the wavelength change caused by vibration has more impact on the output performance. To analyze the effect of wavelength selection on anti-interference ability, the wavelength change is 1nm and the vibration linear birefringence of unit length is 0.0002 rad/m. The fiber bending radius is 15cm and the number of winding turns is 40, so the error versus the wavelength under the specific interference is shown in Fig.5 . It can be inferred from Fig.5 that when FOCT is subject to the specific interference, the longer the working wavelength is, the smaller the operation error is. For higher precision, the longer wavelength is preferred. However, the Verdet constant of optical fiber decreases as the wavelength increases. Therefore, the working wavelength should not be too long to ensure the high measurement sensitivity. The typical wavelength of optical fiber is 850nm, 1310nm and 1550nm. Considering the operation accuracy and sensitivity requirements, 1310nm is recommended as FOCT's operating wavelength.
Using the Optical Fiber with Better Anti-interference Performance
Besides the wavelength characteristics, the effect of vibration linear birefringence should also be considered. It is suggested that the spun HiBi fiber should be used. The fiber is spun during manufacture in order that slightly higher internal birefringence can counteract birefringence effects caused by external factors, such as the bending and vibration. The sensing intensity coefficient S is used to characterize the fiber sensing performance [10] , which is expressed as:
where L P is the unspun linear beat length; L B is the spun fiber pitch. Ideally S should be one. When the fiber length is l and the additional linear birefringence induced by vibration is ρ --V l, L P will become L P ', which can be presented as:
In the manufacturing process, L B can be manually controlled. When L P /L B is large, the vibration linear birefringence has little influence on the output signal. When L P =0.005m and L B =0.002m, the influence of vibration birefringence on sensing intensity coefficient is shown in Fig.6 .
Sensing intensity coefficient Figure 6 . The curve of sensing intensity coefficient versus vibration linear birefringence.
It can be inferred from Fig.6 that the sensing intensity coefficient is 0.96154 when there is no additional linear birefringence. The sensing intensity coefficient decreases with the increase of vibration birefringence, but the curve slope is small and it changes slowly. When the vibration birefringence is 2.5 rad, the decrease amount of sensing intensity coefficient is only 0.00014. Therefore, the use of spun HiBi fiber can improve the anti-interference performance significantly.
Setting a Reasonable Installation Environment
To reduce the vibration effect on the FOCT output, some additional measures can be taken when installing FOCT. The vibration effect on fiber linear birefringence is essentially due to the propagation of stress wave acting on the sensing fiber, so the effect can be diminished in two ways: on the one hand, FOCT should be installed as far as possible to avoid direct contact with the vibration source. On the other hand, during the design of FOCT, a stable material can be used to block the propagation of vibration stress wave to optical fiber.
Conclusion
The sensing performance of FOCT is affected by vibration, mainly reflected on the change of the Verdet constant and vibration linear birefringence. The greater the changes caused by vibration are, the larger the current measurement error is. Through COMSOL finite element analysis, the coupled solution of the optical field and magnetic field shows that vibration causes the different transmission phase in different directions of the optical wave components. The rotation angle reduces under the action of vibration. In order to improve the anti-vibration interference capability, it is recommended that the actual operating wavelength should be selected to be 1310 nm and the use of spun HiBi fiber and the stable housing during installation should be preferred.
